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ZebraﬁshThe growth of new blood vessels by angiogenesis and their stabilization by the recruitment of perivascular
mural cells are thought to be two sequential, yet independent events. Here we identify molecular links be-
tween both processes through the βPix and integrin αvβ8 proteins. Bubblehead (bbh) mutants with a genetic
mutation in βPix show defective vascular stabilization. βPix is a guanine nucleotide exchange factor and scaf-
fold protein that binds many proteins including Git1, which bridges βPix to integrins at focal adhesions. Here
we show that the ability of βPix to stabilize vessels requires Git1 binding residues. Knockdown of Git1 leads
to a hemorrhage phenotype similar to loss of integrin αv, integrin β8 or βPix, suggesting that vascular stabi-
lization through βPix involves interactions with integrins. Furthermore, double loss of function of βPix and
integrin αv shows enhanced hemorrhage rates. Not only is vascular stability impaired in these embryos,
but we also uncover a novel role of both βPix and integrin αvβ8 in cerebral angiogenesis. Downregulation
of either βPix or integrin αvβ8 results in fewer and morphologically abnormal cerebral arteries penetrating
the hindbrain. We show that this is coupled with a signiﬁcant reduction in endothelial cell proliferation in
bbhmutants or integrin αvβ8 morphants. These data suggest that a complex involving βPix, GIT1 and integrin
αvβ8 may regulate vascular stability, cerebral angiogenesis and endothelial cell proliferation in the develop-
ing embryo.
© 2011 Elsevier Inc. All rights reserved.Introduction
Angiogenesis, the formation of new blood vessels through sprout-
ing existing vessels, is a key step during the vascularization of embry-
onic vertebrate brain. Small angiogenic vessels invade neural tissue
and become associated with and stabilized by perivascular mural
cells such as pericytes and brain parenchymal cell types such as
glial cells, astrocytes, neuroepithelial cells (McCarty, 2009). We are
interested in the interaction between endothelial cells and surround-
ing support cells as relates to the stabilization of brain vessels.
We have previously reported that βPix, the β isoform of the p21-
activating kinase (Pak)-interacting exchange factor regulates vascular
stability in vivo (Liu et al., 2007). Loss of βPix in bubblehead (bbh)mu-
tants leads to defective associations between endothelial cells and
surrounding mesenchymal cells in head vessels, and defective cere-
bral angiogenesis. βPix regulates many basic cellular processes, and
is involved in the formation of the focal adhesion complex (Frank
and Hansen, 2008; ten Klooster et al., 2006).
Integrins are important components of focal adhesions and play a
strong role in vascular stabilization. These transmembrane proteins act
as connections between intracellular cytoskeleton and extracellularrights reserved.matrix (ECM) (vander Flier and Sonnenberg, 2001). Integrins are critical
for embryonic and post-natal angiogenesis and vascular stability, allow-
ing vascular endothelial cells to bind to ECM components (Hodivala-
Dilke et al., 2003). Homozygous integrinαv null mice die with extensive
intracerebral hemorrhages atmid gestation and perinatally (Bader et al.,
1998). Similarly, mice null for the integrin β8 subunit, one of the ﬁve
subunits that interact with αv subunit, results in a similar phenotype
to αv-null mice (Zhu et al., 2002).
Stabilization of blood vessels by integrin αvβ8 is non-cell autono-
mous and requires expression of these genes in neural cells, not in en-
dothelial cells. Ablating αv expression in the vascular endothelium
has no detectable effect on cerebral blood vessel development,
whereas deletion of αv expression in central nervous system glial
cells and or neurons leads to embryonic and neonatal cerebral hemor-
rhage (McCarty et al., 2005). Similarly, mice null for integrin β8 in
vascular endothelial cells do not hemorrhage (Proctor et al., 2005),
while mice lacking β8 from the neuroepithelium show hemorrhages
in the cortex, ganglionic eminence, and thalamus, swell as abnormal
vascular morphogenesis (Proctor et al., 2005). Similarly, we previous-
ly showed that hemorrhage in bbh mutants could be rescued by ex-
pression of βPix in the whole animal, but not when expressed
speciﬁcally in endothelial cells, also suggesting a non-autonomous
mechanism of vascular stabilization, mostly likely through perivascu-
lar mural cells, although βPix is ubiquitously expressed (Liu et al.,
2007).
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that bind to both molecules. G protein-coupled receptor kinase-
interacting target (GIT1) is an Arf GTPase activating protein (GAP)
whose localization to focal adhesions is mediated through binding
to paxillin (Frank and Hansen, 2008). This interaction is in turn highly
dependent on the presence of βPix (Zhao et al., 2000). Therefore, GIT1
acts as a molecular link connecting βPix to integrins (Zhao et al.,
2000). Loss of GIT1 results in defective vascular stability. GIT1 null
mice show a marked decrease in pulmonary vascular density and pul-
monary hemorrhage even though tight junctions between endotheli-
al cells are normal (Pang et al., 2009).
Taken together, in vitro data suggesting physical associations of
βPix with integrins via GIT1, and similar phenotypes of βPix loss of
function in ﬁsh and integrin αv or β8 loss of function in mice
prompted us to test whether βPix interacts with either GIT1 and
integrin αvβ8 in embryonic vascular stabilization. We demonstrate
interactions among these genes and also uncover an independent
role for βPix and integrin αvβ8 in regulating cerebral angiogenesis
and endothelial cell proliferation.
Results
The GIT-binding domain of βPix is required for vascular stabilization
βPix localizes to focal adhesions in cultured cells through interac-
tions with GIT1 (Frank and Hansen, 2008; ten Klooster et al., 2006).
To test whether binding of βPix to GIT1 is important for vascular sta-
bilization, we constructed a βPix cDNA lacking critical residues for
GIT1-binding, βPixAI536P/E537G (Lee et al., 2005; Loo et al., 2004). Previ-
ously we showed that overexpression of wild type βPix cDNA under
the βactin promoter results in a 65% rescue of hemorrhage in bbh ho-
mozygotes, but has no effect on wild type embryos (Liu et al., 2007).
Here we tested whether overexpression of the GIT-binding deﬁcient
βPix mutant, βactin:βPixAI536P/E537G is able to rescue the bbh mutant
phenotype. In contrast to the unmutated construct, the GIT-bindingFig. 1.Mutation of Git1 binding residues in βPix or knockdown of Git1 leads to hemorrhage
leads to increased hemorrhage in wild type vessels, and in bbhm292 mutants. B) Knockdow
compared to wild type embryos. C) Wild type embryo at 48 hpf. D) Git1i1e2 morphant showdeﬁcient construct does not rescue bbh mutants. In fact, overexpres-
sion ofβactin:βPixAI536P/E537G, inwild type embryos has a dominant phe-
notype, resulting in 19.1% hemorrhage (Fig. 1A, n=230, p=0.04;
Supplemental Table 1). Furthermore, expression of βPixAI536P/E537G
under the βactin promoter in bbh homozygotes results in an exacerba-
tion of hemorrhage to 40.8% (Fig. 1A, n=298, p=0.015; Supplemental
Table 2). Expression of the βPix proteinwas veriﬁed by detection of a C-
terminal myc tag (Supplemental Fig. 1). The failure of βPixAI536P/E537G to
rescue bbhmutants suggests that the conserved I536 and E537residues
for GIT1 binding are essential for βPix to promote vascular stabilization
in zebraﬁsh. Since GIT1 is known to scaffold βPix to integrin in focal ad-
hesions, this also suggests that GIT1 might act as a molecular link be-
tween βPix and integrins in vascular stabilization.
Loss of GIT1 leads to hemorrhage
We next examined the expression pattern of git1. We have previ-
ously shown that βPix is a ubiquitously expressed gene. Similarly, git1
also shows ubiquitous expression at 1 day post fertilization (dpf), al-
though becomes restricted to the head at 2 and 3 dpf (Supplemental
Figs. 2A–C). To directly test whether git1 is important for vascular sta-
bility, we knocked down its expression in zebraﬁsh using two inde-
pendent morpholino antisense oligonucleotides (MOs), the ﬁrst
targeted to a splice junction between intron 1 and exon 2 (git1i1e2;
Supplemental Fig. 2H), and the second, a translational blocking mor-
pholino, git1ATG. Injection of 2 ng of git1i1e2 MO leads to a large in-
crease in hemorrhage (Fig. 1B; Supplemental Table 3; 18% vs 4% in
control animals, p=0.03), in addition to hydrocephalus. The vascular
pattern of morphants is largely normal with the exception of under-
developed cerebral arteries (Supplemental Figs. 2D–G). Injection of
0.2–2 ng git1ATG MO also leads to a large increase in hemorrhage
(10% vs 0.2% in control animals, n=292, p≤0.009) and hydrocepha-
lus. Hemorrhages are localized to the head but embryos appear other-
wise normal (Figs. 1C–D). Hemorrhage suggests a conserved role for
Git1 in vascular stabilization in ﬁsh and mice (Pang et al.,. A) Expression of mutant βPix lacking residues important for Git1 binding (βPix IP/EG)
n of Git1 by either a Git1i1e2 or Git1ATG morpholino leads to increased hemorrhage as
s hemorrhage (arrow) and hydrocephalus (star).
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mutation of residues in βPix important for Git1 binding, or after Git1
knockdown are two lines of evidence pointing to a critical role for
Git1-βPix interactions in vascular stabilization.
Integrins αv and β8 show perivascular expression in zebraﬁsh
Genetic ablation of either Integrin αv (Itgav) or Integrin β8 (Itgb8)
in mice leads to vascular instability with large cranial hemorrhages
(Bader et al., 1998; McCarty et al., 2005; Zhu et al., 2002). We hypoth-
esized that Itgav and Itgb8 would have a conserved function in vascu-
lar development across species. We ﬁrst examined their expression
patterns in zebraﬁsh. Zebraﬁsh Itgav is highly expressed in the head
and the ventral trunk at 49 hours post fertilization (hpf) (Fig. 2A).
To examine whether itgav is expressed in endothelial or mural cells
we co-stained for itgav mRNA and GFP in Tg (kdrl:GFP)la116 embryos
expressing GFP in all endothelial cells. We ﬁnd that itgav is expressed
in close proximity to, but not within, the later dorsal aorta (LDA)
(Fig. 2B). itgav is also expressed in the ventral head mesenchyme
(VM) (Fig. 2C), a presumed precursor for perivascular mural cells
(Hirschi et al., 2003).
Similarly, zebraﬁsh itgb8 is also strongly expressed in the head at
49 hpf (Fig. 2D). In contrast to itgav, no itgb8 expression is detected
in the trunk at this stage. In the hindbrain, itgb8 is expressed ubiqui-
tously, including in ventral mesenchyme proximal to the lateral dor-
sal aortae (Figs. 2E, F).
Integrin αv and β8 function in combination to promote vascular stability
in zebraﬁsh
To identify whether the loss of function phenotype of itgav and itgb8
in zebraﬁsh resembles loss ofβPix in bbhmutants, we used amorpholino
that blocks splicing of exon3 (itgave3i3). Injection of itgave3i3MO leads to
hemorrhages in the head starting around 36 hpf, a similar timing ofFig. 2. Integrin αv and β8 are expressed in close proximity to head blood vessels. Comparat
blue staining in D–F) as assayed in Tg(kdrl:eGFP)la116 embryos marking endothelial cells (br
anterior ventral trunk. (B) In a transverse section of the head (line b in A), itgav is expresse
section (line c in A) shows itgav expression in the ventral mesenchyme of the head (VM), su
ilarly, at 49 hpf, itgb8 is highly expressed in the head and weakly expressed in the anterior ve
regions around the lateral dorsal aortae (LDA). (F). A more posterior transverse section (line
ing the lateral dorsal aortae (LDA) and posterior cardinal veins (PCV). LDA: lateral dorsal aonset of hemorrhage to that observed in bbh mutants. Using a 12 ng
dose of itgave3i3 MO, we observe hemorrhages in 29% of morphants
(n=255; Figs. 3B, G, Supplemental Table 4). This dose results in only a
partial knockdown as more than half of the transcripts remain intact as
assayed by RT-PCR around the targeted exon (Supplemental Fig. 3A).
Higher itgave3i3 doses resulted in severely deformed embryoswith cardi-
ac edema, lack of circulation (data not shown), consistent with a recent
report on its role in dorsal forerunner cells (Ablooglu et al., 2010). To
conﬁrm speciﬁcity of the knockdown phenotype we designed a second
morpholino (itgavATG) to block translation. Similar to itgave3i3MO, injec-
tion of 1 ng of itgavATGmorpholino results in hemorrhage that is pheno-
typically identical to that of itgave3i3 morphants (17.7% hemorrhage,
n=113; Supplemental Fig. 3B, Supplemental Table 4).
Correspondingly, to study Itgb8 in vivo function, a morpholino was
designed to block the splice junction of exon 2 and intron 2 (itgb8e2i2).
Knockdown of itgb8 using 4 ng of itgb8e2i2 morpholino results in 25.6%
hemorrhage (n=472; Supplemental Table 5). A second itgb8morpho-
lino targeting the splice junction of intron 1 and exon2 (itgb8i1e2) shows
an identical phenotype with a hemorrhage rate of 25.7% (n=377; Sup-
plemental Fig. 3D, Supplemental Table 5). At these doses, bothmorpho-
linos result in a partial knockdown as determined by PCR around the
targeted exon (Supplemental Fig. 3C). Importantly, the phenotype of
both itgav and itgb8 knockdown is phenotypically similar to that ob-
served in bbhmutants.
As both itgav and itgb8 form a dimer and function together in
mice, we next tested for interactions and possible synergy between
itgav and itgb8 in zebraﬁsh. Suboptimal doses of morpholino injected
singly (3 ng of itgave3i3 MO or 1 ng of itgb8e2i2 MO) lead to low levels
of 7.4% (n=258) or 8.9% (n=192) hemorrhage respectively. Com-
bining the two morpholinos at these suboptimal doses led to a slight-
ly more than additive increase in the hemorrhage rate to 22.7%
(n=269, Fig. 3G, Supplemental Table 6). On a qualitative level, we
also found that double morphants have more hemorrhages per em-
bryo and much larger hemorrhages than single morphants (Fig. 3F),ive in situ hybridization of integrin αv (itgav; blue staining in A–C) or integrin β8 (itgb8;
own staining in B, C, E, F). (A) At 49 hpf itgav shows broad expression in the head and
d in close proximity to the lateral dorsal aortae (LDA). (C) A more posterior transverse
rrounding the lateral dorsal aortae (LDA) and posterior cardinal veins (PCV). (D) Sim-
ntral trunk. (E) In a transverse section of the head (line e in D), itgb8 is expressed in the
f in D) shows itgb8 expression in the ventral mesenchyme of the head (VM), surround-
orta; PCV: posterior cardinal veins.
Fig. 3. Loss of integrin αv, integrin β8 or combinatorial knockdown of both genes results
in hemorrhage. As compared to uninjected controls in (A), 12 ng of itgave3i3 MO (B), or
4 ng of itgb8e2i2 MO (C), leads to head hemorrhages at 50–52 hpf. (D–F) Suboptimal
morpholino doses (3 ng of itgave3i3 MO (D) or 1 ng of itgb8e2i2 (E)) results in small
hemorrhages while double knockdown of both genes using these low doses results in
numerous, larger hemorrhages (F, arrows). (G) Graphical representation of hemor-
rhage rate as a function of the dose of morpholino injected. Percentage of embryos
with hemorrhages is shown above the bars. # represents the numbers of embryos
scored for each analysis.
Fig. 4. βPix and integrin αv interact in vascular stabilization. Graphical representation
of hemorrhage rate as a function of the dose of itgave3i3 morpholino, itgav RNA or
βPix DNA injected into wildtype (WT) or bbh mutant embryos (bbh heterozygous
denoted as bbh het; bbh homozygous denoted as bbh). Percent hemorrhages are
shown above the bars. N represents the number of embryos scored. Signiﬁcance was
determined by the Student's paired t-test, with pb0.05 denoted as * and pb0.005
denoted as **.
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vessels. Loss of both genes increases both hemorrhage severity, and
number of hemorrhages per embryo.
We next assessed whether itgav and itgb8 double knockdown an-
imals exhibit a cellular phenotype similar to that we reported for bbh
mutants. We have previously shown that bbh mutants show no ex-
pression or localization differences in the tight junction marker ZO-
1. Similarly we ﬁnd that itgav/b8 double morphants also have normal
expression and localization of this marker (Supplemental Fig. 4). We
previously reported a lack of mural cell coverage of bbh mutants
around the dorsal aorta. Using double transgenic Tg(αSMA:GFP)ca7;
Tg(kdrla:mCherry)ci5 (Kennedy and Childs in preparation; Proulx et
al. 2010) expressing GFP in developing mural cells and mCherry in
endothelial cells, we traced the differences in mural cell presence in
both βPixmorphants and itgav/b8 double morphants at 4 dpf, the ear-
liest time that mural cells can be assayed in these transgenic ﬁsh.
Using confocal projections of the ventral head we observe the pres-
ence of mural cells in βPixmorphants and itgav/b8 double morphants,
however the number of mural cells is decreased in βPix morphants
and itgav/b8 double morphants, and is greatly reduced in severely af-
fected morphants (Supplemental Fig. 5). Thus the phenotypes of βPixmorphants and itgav/b8 double morphants are similar at the cellular
level.βPix and integrin αv genetically interact to stabilize blood vessels
Since the GIT binding domain of βPix is required for vascular sta-
bilization, and both itgav and itgb8 knockdown phenocopy loss of
βPix activity, we next sought to test whether there is a genetic inter-
action between integrins and βPix. In current models, βPix is in a
complex with the intracellular domain of integrins at the focal adhe-
sion. To explore these interactions in vivo, we used double loss of
function experiments. We knocked down itgav expression using
12 ng of itgave3i3 MO in wild type zebraﬁsh, and compared the hem-
orrhage rate to the same morpholino dose injected into heterozygous
bbh embryos. Both wild type and bbh heterozygotes showed 0.9% and
0.5% hemorrhage rate respectively when uninjected (n=329 in wild
types; n=590 in bbh heterozygotes; Fig. 4, Supplemental Table 7A,
B). In comparison, knockdown of itgav in wild-type embryos resulted
in 29.0% hemorrhage (n=255), while knockdown of itgav in bbh het-
erozygotes results in 52.9% hemorrhage (n=310), a strong exacerba-
tion. This suggests that there might be a genetic interaction between
βPix and itgav, although expression of βPix does not rescue hemor-
rhages in itgav morphants, and overexpression of itgav has only a
small, but statistically signiﬁcant effect on rescue of hemorrhage in
bbh mutants (Fig. 4). Since bbh mutants and itgave3i3 morphants
have only partial downregulation of their respective genes, this data
is consistent with βPix and Itgav acting within the same pathway to
stabilize blood vessels but full knockdowns of both genes would be
needed in order to conclude that they act in the same genetic path-
way. As these full knockdowns are lethal, this experiment is not
possible.
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The association of mural cells with newly formed blood vessels reg-
ulates endothelial cell proliferation, migration and vascular branching
(Hellstrom et al., 2001). Since itgav and itgb8 showperivascular expres-
sion, we hypothesized that loss of expression of these integrins might
lead to a cerebral angiogenesis defect as we have previously observed
for bbhmutants (Liu et al., 2007). A hallmark of vascular development
in 48 hpf embryos is the development of a series of central arteries
(CtA) sprouting from the posterior communicating segment (PCS) andFig. 5. Defective hindbrain angiogenesis in bbhm292 mutants. (A) At 48 hpf, a lateral view of th
from posterior communicating segment (PCS) and basilar artery (BA) and draining into prim
brain in wild type embryos (red double-headed arrow). (C) 48 hpf bbh homozygous mutants
At 72 hpf, the CtAs in bbh homozygotes invade into the hindbrain matter, but have reduced l
view regular, lumenized CtA are observed in 48 hpf wild type embryos. (F) At 72 hpf, the ba
trast, 48 hpf bbh homozygotes show a reduced number of CtAs, with very irregular morpho
zygotes has an irregular morphology with abnormal connections and irregular vessel size. (I
(wt) and bbh homozygotes (bbh).basilar artery (BA) and invading the hindbrain parenchyma (Isogai et
al., 2001). Therefore, we assessed the number and morphology of CtA
in wild type Tg (kdrl:GFP) la116 transgenic embryos (WT) and bbh mu-
tants and double knockdown morphants (αvβ8 MO) in the Tg (kdrl:
GFP) la116 background.
In bbh mutants at 48 hpf, the CtAs have either reduced number or
irregular morphology (Figs. 5C, G) as compared with wild type CtAs
(Figs. 5A, E). At 72 hpf the CtAs in bbh mutants have invaded the
hindbrain, however, the depth of penetration of the vessels is shorter
compared with those in wild type embryos (Figs. 5B, D) and thee hindbrain of the wild type embryo shows central arteries (CtA, red arrows) sprouting
ordial hindbrain channel (PHBC) (B) At 72 hpf, the CtAs penetrate deeply into the hind-
show a reduced number and atypical growth direction of the CtAs (yellow arrows). (D)
ength as compared to wild type embryos (yellow double-headed arrow). (E) In a dorsal
sic network structure of the CtA remains similar, although is more reﬁned. (G) In con-
logy (yellow arrowhead). (H) At 72 hpf, the structure of CtA vasculature in bbh homo-
) Quantitation of the percentage normal CtAs at 48, 72 and 96 hpf in wild type embryos
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ble as homozygotes, we anticipated that the CtAs might recover. We
assayed the number of fully formed CtAs at different time points
(Fig. 5I; Supplemental Tables 8). At 48 hpf, 82% of wild type embryos
have fully formed CtAs (n=132). In contrast, only 13% of bbh em-
bryos have fully formed CtAs (n=156). At 72 hpf, 99% of wild type
embryos have fully formed CtAs (n=132). At this time point, 54%
of bbh mutants have fully formed CtAs (n=156). The recovery also
continues at 96 hpf when the majority of wild type embryos (99%)Fig. 6. Defective hindbrain angiogenesis in integrin αv and β8 double morphants. (A) At 48 h
red arrows) sprouting from posterior communicating segment (PCS) and basilar artery (BA
etrate deeply into the hindbrain in wild type embryos (red double-headed arrow). (C) 48 hp
direction (yellow arrows). (D) At 72 hpf, the CtAs in integrin αvβ8 morphants invade into th
double-headed arrow). (E) In a dorsal view regular, lumenized CtA are observed in 48 hpf w
although is more reﬁned. (G) In contrast, in 48 hpf integrin αvβ8 double morphants there is
72 hpf, the structure of CtA vasculature in αvβ8 double morphants has an irregular, plexus-l
wild type embryos (wt) and integrin αvβ8 double morphants (dMO).have fully formed CtAs compared with only 68% in bbh mutants
(n=132 in wt; n=156 in bbh).
We next compared the phenotype of itgav/b8 double morphants.
At 48 hpf, the CtAs in itgav/b8 double morphants either have reduced
number, an abnormal growth direction, or irregular morphology
(Figs. 6C, G) as compared with wild type CtAs (Figs. 6A, E). At
50 hpf, 88% of wild type embryos have fully formed CtAs (n=103;
Supplemental Table 9) while only 17% of itgav/b8 double morphants
have fully formed CtAs (n=59, Fig. 6I). One day later at 72 hpf, wepf, a lateral view of the hindbrain of the wild type embryo shows central arteries (CtA,
) and draining into primordial hindbrain channel (PHBC) (B) At 72 hpf, the CtAs pen-
f integrin αvβ8 double morphants show CtAs with reduced number and atypical growth
e hindbrain matter, but have reduced length as compared to wild type embryos (yellow
ild type embryos. (F) At 72 hpf, the basic network structure of the CtA remains similar,
a reduced number of CtAs, with very irregular morphology (yellow arrowhead). (H) At
ike morphology. (I) Quantitation of the percentage normal CtAs at 50, 74 and 98 hpf in
101J. Liu et al. / Developmental Biology 363 (2012) 95–105found that the CtAs in itgav/b8 double morphants have invaded the
hindbrain (Fig. 6D). However, the depth of penetration of the vessels
is apparently shorter compared with those in wild type embryos
(Figs. 6B, D). The morphology of these vessels in a dorsal view is
also irregular (Figs. 6F, H). At 74 hpf, 97% wildtype embryos have
fully formed CtAs (n=103). At this time point, only 51% of itgav/b8
double morphants have fully formed CtAs (n=59, Fig. 6I). The recov-
ery continues at 98 hpf when the majority of wild type embryos
(97%) have fully formed CtAs compared with only 76% in itgav/b8
double morphants (n=103 in wt; n=59 in itgav/b8 morphants;
Fig. 5I). While these data suggest recovery of CtA defects over time,
it is clear that the double morphants have angiogenic delay.
Similar results are found when the number of CtAs was analyzed.
The number of CtAs was analyzed from embryos at 48 hpf (Supple-
mental Table 10). On average, wild type embryos have 13 fully
formed CtAs (n=6 embryos). In contrast, bbh and itgav/b8 double
morphants have a signiﬁcantly decreased average number of CtAs
with 8 per embryo (n=5 embryos and pb0.0001 in bbh mutants,
n=7 embryos and pb0.0001 in itgav/b8 morphants). However, CtA
numbers in bbh and itgav/b8 double morphants are not signiﬁcantly
different from each other (p=0.583, Fig. 7A).
We also analyzed the CtA length at 72 hpf using the ratio of the
distance from the joint of the PCS and BA vessels to the top of the
most-dorsal CtA divided by dorsal head size, which was measured be-
tween the joint of PCS and BA vessels ventrally and the joint of dorsal
longitudinal vein (DLV) and posterior cerebral vein (PCeV) vessels
dorsally. Wild type CtAs are signiﬁcantly longer than those of bbhmu-
tants or itgav/b8double morphants (p=0.002 in bbh mutants,
p=0.001 in αvβ8 morphants; Supplemental Table 11). 3 wild types,
7 bbh mutants and 6 itgav/b8 double morphants were analyzed. CtA
lengths in bbh mutants and itgav/b8 double morphants are not differ-
ent from each other (p=0.260, Fig. 7B). This effect is speciﬁc toFig. 7. Both number and length of the hindbrain CtAs is reduced in bbh mutants and
integrin αvβ8 double morphants. (A) The average number of CtA in wild type (wt),
bbh homozygote (bbh), and integrin αvβ8 double morphants was scored at 48 hpf
from dorsal confocal images of 6 wild types, 5 bbh mutants and 7 αvβ8 morphants.
(B) Normalized CtA length at 72 hpf. The length of CtA, measured between the most-
dorsal CtA to the joint of PCS and BA vessels, was normalized to the length of the dorsal
head, which was measured between the joint of DLV and PCeV and the joint of PCS and
BA vessels. Measurements were taken from 3 wild types, 7 bbh mutants and 6 αvβ8
double morphants. Signiﬁcance was determined by a Student's t test, where ** repre-
sents pb0.005, and *** represents pb0.001.cerebral angiogenesis as when we examined the ventral head vascu-
lature, the blood vessels formed during vasculogenesis appeared nor-
mal (Supplemental Figs. 6A, B, D, E, G, H). Furthermore, both
vasculogenic and angiogenic vasculature in the trunk appeared nor-
mal (Supplemental Figs. 6C, F, I).
Defective cerebral angiogenesis correlates with decreased survival
Although we observed recovery in a large percentage of bbh mu-
tants at 4 dpf, some mutants with otherwise normal morphology
never recover growth of their CtA vessels. We hypothesized that
lack of early angiogenesis would inﬂuence the survival of mutant em-
bryos. Of 130 wild type embryos with fully formed CtAs at 4 dpf,
96.2% survived until 6 dpf Embryos with a normal‐sized swim blad-
der and normal morphology were scored as surviving. Similarly, of
106 bbh with fully formed CtAs at 4 dpf, 74.5% survived until 6 dpf.
However, of 50 bbh with abnormal CtAs, only 6% survived to 6 days
of development (Supplemental Fig. 7). Assuming that CtA develop-
ment is a marker of normal angiogenesis, our data suggests that an-
giogenesis is absolutely required for the survival of developing
zebraﬁsh embryos to 6 dpf.
Delayed angiogenesis is associated with decreased endothelial cell
proliferation
We next tested whether the reduced length and number of CtAs in
bbhmutants and itgav/b8doublemorphants is the result of perturbations
in cell death or cell proliferation. At 48 hpf, wild type embryos and bbh
mutants showed similar TUNEL staining patterns (Supplemental Fig. 8)
indicating that cell death is unaltered in bbh. Cell proliferation between
48 hpf and 54 hpf was assessed by incorporation of EdU (5- ethynyl-2′-
deoxyuridine), a homolog of thymidine. On similar transverse sections,
wild type embryos had a higher overall number of EdU positive cells
(Fig. 8A) as compared to bbh mutants (Fig. 8B), particularly in the
ventral mesenchyme. In wild type embryos at this developmental stage
there appears to be a high level of proliferation in the ventral
mesenchyme as opposed to other areas of the head such as the brain.
Our data suggests a defect in mesenchymal cell proliferation in bbh
mutants. Furthermore, we found that bbh mutants have signiﬁcantly
fewer proliferating endothelial cells (n=5; 8%) than wild type
embryos (n=5; 31%; Fig. 8D; Supplemental Table 12), providing a
possible explanation for defective CtA in bbhmutants.
Similarly, we found reduced cell proliferation in the ventral mes-
enchyme of itgav/b8 double morphants (Fig. 8C) as compared to the
wild-types. Numbers of proliferative endothelial cells in hemor-
rhaged itgav/b8 double morphants are signiﬁcantly lower (n=5;
18%) than in the controls (n=5; 31%), but higher than that in bbh
mutants (n=5; 8%; Fig. 8D; Supplemental Table 12). Since itgav/b8
double morphants have a similar defect in endothelial cell prolifera-
tion as bbh mutants, this further suggests that these molecules
might work through a common mechanism to regulate angiogenesis
and vascular stability.
Discussion
Interactions of βPix and integrins inmultiple roles in vascular development
Vascular stabilization requires the structural integrity of endothelial–
endothelial interactions and endothelial–mural cell interactions. bbh
mutants deﬁcient in the βPix protein appear to have disrupted
endothelial–mural cell interactions during the process of vascular
stabilization (Liu et al., 2007). Our current work examines the mo-
lecular mechanism of vascular stabilization by βPix by linking it to
the functions of integrins, molecules that stabilize endothelial–
mural cell interactions. Furthermore, we also demonstrate novel
Fig. 8. Defective endothelial cell proliferation in bbhmutants and integrin αvβ8 double morphants. (A–C) Cell proliferation was detected by pulsing with EdU at 48 hpf and ﬁxation
at 54 hpf (red), while endothelial cells are marked by expression of GFP in the Tg(kdrl:eGFP)la116 line (green) and nuclei are stained with DAPI (blue). In general, higher levels of EdU
incorporation are detected in wild type embryos (A) as compared to bbh homozygotes (B) or and integrin αvβ8 double morphants (C). Arrows highlight proliferative endothelial
cells. (D) The percentage of proliferative endothelial cells were analyzed from the percentage of cells with co-staining of EdU and GFP vs. the total number of GFP cells as observed
on sections from 5 wild types, 5 bbh homozygotes, and 5 integrin αvβ8 double morphants. Signiﬁcance was determined by a Student's t test, where ** represents pb0.005, and ***
represents pb0.001.
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angiogenesis.
We show several lines of evidence to suggest functional interac-
tions between βPix and integrins in both vascular stabilization and
angiogenesis. Firstly, we used an in vivo assay to demonstrate that a
GIT-binding deﬁcient βPix mutant acts as a dominant vascular desta-
bilizing molecule, suggesting that the GIT1 ‘molecular linker’ between
βPix and integrins is vital for vascular stabilization. Knockdown
of Git1 expression also results to hemorrhage. Secondly, bbh mutants
and itgav/b8 double morphants share phenotypic similarities
including early vascular stabilization defects, later cerebral artery
angiogenic defects, and defects in mural cell association. Thirdly, dou-
ble knockdown experiments show an exacerbation of hemorrhage
when expression of βPix and integrin αv is knocked down together.
Mechanistically, the relationship between βPix and integrins does
not appear to be in a traditional pathway arrangement where one
protein acts upstream of the other since neither gene was very effec-
tive at rescuing the loss of the other. Rather, as proposed from previ-
ous work, βPix likely interacts with integrins at the protein level to
modulate localization of the integrin signaling complex to focal
adhesions.
Our work highlights that βPix and integrin itgav/b8 are required at
two different developmental time points for different functions, in dif-
ferent vessels. The earliest visible phenotype, hemorrhage, is observed
as early as 36 hpf while the second phenotype, defective cerebral angio-
genic sprouting, is observed from 48 hpf to 72 hpf. Hemorrhage in bbhmutants occurs in the vicinity of the aortic arches and lateral dorsal aor-
tae, vessels that form by vasculogenesis between 24 and 26 hpf (Isogai
et al., 2001). Imaging shows that vasculogenesis proceeds normally in
pattern and timing in both bbh mutants and itgav/b8 double mor-
phants, suggesting that βPix and itgav/b8 are not involved in assembly
of endothelial cells into vessels during vasculogenesis. The timing of
hemorrhage from 36 to 48 hpf suggests that βPix and itgav/b8 function
in a later aspect of vascular development, in either promotingmural cell
recruitment to these vessels, or endothelial–mural interactions within
these vessels. Vascular stabilization by βPix, itgav or itgb8 is likely not
a cell autonomous function of these genes in endothelial cells. Integrins
αv and β8 are required in mural cells for vascular stabilization and βPix
appears to be required in cells other than endothelial cells for vascular
stabilization as well (Liu et al., 2007; McCarty et al., 2005; Proctor et
al., 2005).
βPix and integrin αvβ8 promote cerebral angiogenesis
We show here that loss of βPix or itgav/b8 results in late develop-
mental defects in the outgrowth and morphology of central arteries
from 48 hpf to 72 hpf. We previously noted that bbh mutants have
an immature pattern of blood vessels in the head (Liu et al., 2007).
Here we extend this analysis by examining the central arteries of
the hindbrain and show a signiﬁcant reduction in number and length
of these arteries not only in bbh mutants but also in itgav/b8 double
morphants. There was no visible defect in trunk intersegmental
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tal stage, and therefore the CtA defect is a late, and apparently brain
vessel-speciﬁc defect.
In contrast to early vascular stabilization defects which affect en-
dothelial–mural cell interactions but are not associated with endothe-
lial patterning defects, the CtA phenotype has strong endothelial
patterning and migration defects, but no apparent vascular stabiliza-
tion defects since the hemorrhage rate of bbh mutants strongly de-
clines in this period (Liu et al., 2007). Although CtA defects might
arise secondarily from defects in mural cells, it is also possible that
the defects could be due to an autonomous function of Pix and integ-
rins in endothelial cells. βPix is expressed ubiquitously. Our data here
shows that integrin β8 also has ubiquitous expression in the head
while integrin αv is expressed around head vessels. Recent evidence
shows that Integrin αv and Integrin α5 are expressed in mouse endo-
thelial cells and act redundantly to promote remodeling of blood ves-
sels (van der Flier et al., 2010), highlighting the potential for an
autonomous function of integrins in zebraﬁsh angiogenesis.
βPix has not previously been associated with endothelial cell mi-
gration, but its constitutive binding partner and downstream effector
p21 activated kinase (Pak) is required for endothelial cell motility
(Connolly et al., 2002; Kiosses et al., 1999). Overexpression of kinase
dead Pak1 and/or the autoinhibitory domain of Pak1 blocks the for-
mation of branched capillary networks in an in vitro tube formation
assay (Connolly et al., 2002). In vivo, introduction of a dominant neg-
ative Pak1 peptide inhibits endothelial cell migration and tube forma-
tion in the chick chorioallantoic membrane angiogenesis assay
(Kiosses et al., 1999). Recently, a Pak/Pix/GIT complex has been asso-
ciated with epithelial cell migration (Hsu et al., 2010), however, ours
is the ﬁrst study to associate βPix directly with endothelial migration
in vivo.
We found defective angiogenesis in itgav/b8 double morphants,
which are consistent with the phenotype of integrin β8 null mice. Al-
though the basic vascular outline in β8 mutants resembles that of
wild type littermates, reduced vascular sprouting is observed in the
yolk sac (Zhu et al., 2002). Furthermore, fewer blood vessels pene-
trate the labyrinthine layer and the neural tube in the mutants, sug-
gesting a defect in endothelial migration. In the brain, secretion of
TGFβ from astrocytes expressing integrin β8 is suggested as a mecha-
nism by which integrin β8 promotes endothelial migration (Cambier
et al., 2005).
Integrin αv also plays a strong role in endothelial migration in an-
giogenesis in disease models, but not in early developmental angio-
genesis. Blockage of αvβ3 inhibits human breast cancer growth by
inducing apoptosis of angiogenic blood vessels (Brooks et al., 1995).
Inhibition of αvβ3 and αvβ5 with cyclic peptide antagonist disrupts
new vessel formation in the mouse retina but has no effect on the
established vessels (Friedlander et al., 1996). Blocking integrin αv sig-
niﬁcantly reduces proliferation of capillaries in a mouse model of ret-
inal neovascularization (Hammes et al., 1996). In contrast, integrin αv
null mice show no obvious angiogenic defects (Bader et al., 1998;
McCarty et al., 2002), but there is recent evidence for the partial re-
dundancy of integrins αv and β5 in angiogenesis (van der Flier et al.,
2010).βPix/integrin αvβ8 regulate cell proliferation
An unexpected ﬁnding of our study is that both βPix andαvβ8 regu-
late cell proliferation in general, and of ventral mesenchymal cells and
endothelial cells in particular. We identiﬁed a profound reduction of
proliferation in the ventral head mesenchyme of bbh mutants as com-
pared to wild type embryos. We found a similar reduction in prolifera-
tion of these cell types in itgav/b8 double morphants. This novel
observation suggests the working hypothesis that both stabilization
and angiogenesis defects in bbhmutants and integrin αvβ8 morphantsderive from defects in proliferation of mural cell precursors or of endo-
thelial cells.
There is very limited data suggesting the involvement of either βPix
or integrins αv or β8 in cell proliferation. Chahdi and Sorokin (2008)
have shown that depletion of βPix inhibits endothelin-1 induced cell
proliferation. The βPix binding partner Pak activity is required for max-
imal activation of the Raf–MEK–MAPK signaling cascade, a pathway
which is important for cell proliferation (Bokoch, 2003). Not surprising-
ly, elevated RNA/protein level and/or elevated kinase activity of Pak are
found in multiple cancer types (Huynh et al., 2010). Inhibition of Pak
also leads to reduced proliferation in these cancer types, but there has
been no previous evidence for the direct involvement of βPix in this
process. Similarly, blocking integrinαv using a neutralizing antibody in-
hibits proliferation of two human ovarian cancer cell lines. However,
this inhibition can be rescued by overexpression of integrin-linked ki-
nase (ILK), a downstream signaling molecule of a different arm of the
integrin pathway, suggesting that integrin αv regulates ovarian cancer
cell proliferation via ILK (Cruet-Hennequart et al., 2003). In summary,
although there is some evidence for βPix and integrinαv in cell prolifer-
ation in other models and diseases, our unique in vivo data during an-
giogenesis suggests that βPix and integrins αvβ8 play a strong role in
promoting cell proliferation.
By characterizing the expression and functions of integrins αv and
β8 together with βPix in the context of angiogenesis and vascular sta-
bilization for the ﬁrst time in the zebraﬁsh we show that all three
genes show a perivascular expression pattern in the ventral head as
well as dorsal brain, as they do in mice (McCarty et al., 2005; Zhu et
al., 2002). The ventral head mesenchyme is the site of presumed pre-
cursors for perivascular mural cells around the large vasculogenic
vessels (Hirschi et al., 2003). Smooth muscle markers are not
expressed in this region at this early developmental stage, and peri-
cyte markers have not yet been characterized in zebraﬁsh, but we
have noted a deﬁciency in cells surrounding the dorsal aorta in bbh
mutants which would be consistent with a lack of proliferation of
these cells (Georgijevic et al., 2007; Liu et al., 2007). Furthermore,
the reduced length and number of cerebral arteries is entirely consis-
tent with a lack of proliferation of endothelial cells during angiogen-
esis, and therefore defective migration. In this context, it is interesting
that bbh mutant ﬁsh can survive to adulthood, which is inconsistent
with a global proliferative defect. Thus we suggest that βPix is impor-
tant for cellular proliferation taking place in the time window during
the establishment of vascular stability and during cerebral angiogen-
esis, but is not required for continued maintenance of vascular stabil-
ity, or for viability of the animal beyond this period.Materials and methods
All primer sequences are listed in Supplemental Table 13, and all
morpholino sequences are listed in Supplemental Table 14.Zebraﬁsh husbandry
Wild type Tupfel long ﬁn (TL), Tg(kdr:GFPla116) (Choi et al., 2007)
and mutant bbhm292 zebraﬁsh (Stainier et al., 1996) were maintained
at 28.5 °C with a dark–light cycle of 10:14 h. Embryos were raised at
28.5 °C in E3 embryo media supplemented with 0.25 mg/L methylene
blue (EM Science, Darmstadt, Germany), and staged by hours post
fertilization (hpf) according to Kimmel et al. (1995). Chorions were
removed by incubation in 20 mg/mL pronase (Sigma, St. Louis, MO)
and pigmentation was inhibited by the addition of 0.003% (w/v) 1-
pheny1-2-thiourea (PTU) (Sigma) at around 24 hpf.
Unless otherwise noted, all hemorrhage was scored at 48–52 hpf.
Embryos were scored as hemorrhage positive, regardless of hemor-
rhage size or number.
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The antisense RNA probe again integrin αv was made from nucleo-
tides 2518 to 3093 (DQ178648.1) by PCR using primers itgavISH-f 5′
TCAGTGGACGGAAACATGAA 3′ and itgavISH-r-T7 5′ TAATACGACTCAC-
TATAGCTCTTTCTCTGTGCGGTCCT 3′ (incorporating a T7 site). The anti-
sense RNA probe again integrin β8 was made from nucleotides 169
to 938 (XM_001919591.1) by PCR using primers itgb8ISH-f 5′
TGGTGCTCTCAGGAGAGGTT 3′ and itgb8ISH-r-T7 5′ TAATACGACTCACTA-
TAGGGGTCGGGTGTTCCATAGTGCT 3′ (incorporating a T7 site). Whole
mount in situ hybridizationwas performed on 36 hpf and 48 hpf embry-
os as described previously (Liu et al., 2007).
Immunostaining
Anti myc antibody (1:20 dilution; 9E10, Developmental Studies
Hybridoma Bank, University of Iowa, Iowa City, IA) was used after a
20 minute permeabilization using 1% Triton X-100 in PBS while anti
ZO-1 (1:150 dilution, Zymed/Invitrogen) was used after methanol:ac-
etone permeabilization. Signal was detected with anti rabbit or
mouse Alexaﬂuor 488 or 555 antibodies (Molecular Probes, Eugene,
OR).
Molecular cloning
A non-GIT1 binding βPixAI536P/E537G mutant was made by PCR
mutagenesis using βPixAIP-EG-f 5′ TGAAAGTGCCTGGAGCGTAC 3′
and βPixAIP-EG-r 5′ GTACGCTCCAGGCACTTTCA 3′. The integrin αv
construct was kindly provided by Dr. Sanford J. Shattil's lab, and
RNA was reverse-transcribed using the mMESSAGE mMACHINE kit
(Ambion, Austin, TX).
DNA, RNA and morpholino injection
DNA and RNA were diluted in 200 mM potassium chloride in con-
centrations ranging from 25 ng/μl to 250 ng/μl and microinjected into
1–2 cell stage zebraﬁsh embryos. Morpholino sequences are: itgave3i3
MO, ATACATGCAGACTCACCAGAATTTG; itgavATG MO, CGGACGAA-
GTGTTTGCCCATGTTTT; itgb8e2i2 MO, GCGCTCTGGCATACATTACCT-
CCTG; itgb8e2i1 MO, ATCCGCTGAACACAGAGAAACACAC; Git1i1e2
GGGTCTGAACACACACAAGAGAATA; Git1ATG CGCTTCTCTGGACTTTCCT-
GGACAT. Morpholinos were diluted in 200 mM potassium chloride in
concentrations ranging from 50 μM to 2 mM and microinjected into1-
8 cell stage zebraﬁsh embryos. Double morpholino injections were per-
formed by injecting different morpholinos sequentially. Volumes were
calculated by the use of a graticule mounted on the light microscope.
Hemorrhage rate was scored between 48 and 52 hpf. To establish mor-
pholino efﬁciency for itgave3i3 MOs, primers itgavMO-f, 5′ CCATTTT-
TACGGGACGCACTG and itgavMO-r, 5′ TAACATGTCCCGACAGGCTCTC 3′
were used. To establishmorpholino efﬁciency for itgb8e2i2 and itgb8e2i1
MOs, primers itgb8MO-f, 5′ TATTGTGATTAAAGCAATATACG 3′ and
itgb8MO-r, 5′GTGGCGTTTACTTCCACTTT 3′were used. To establishmor-
pholino efﬁciency of Git1i1e2, primers Git1 f1: AAGTCCAGAGAAGC-
GAGGTG and Git1 r1: GATCGAGTTAGCGCCGTTAC were used.
Imaging
Wholemount embryos were visualized directly on a Zeiss Stemi
SV11 microscope and photographed with a Zeiss HRc camera, or sec-
tioned at 3 μM (ﬂuorescent images) or 7 μM (in situ images) in JB-4
plastic medium (Polysciences, Warrington, PA) and visualized on a
Leica DMR microscope equipped with an Optronics Magnaﬁre cam-
era. Confocal images were taken on Zeiss LSM 510 confocal micro-
scope. Embryos were mounted in the low-melted agarose and
positioned to lie on the lateral or dorsal side to generate lateral or
dorsal view images respectively.CtA analysis
To score for the percentage of normal CtA, embryos were visual-
ized directly on a Zeiss Stemi SV11 microscope without photograph-
ing. Wild type embryos were scored ﬁrstly followed by scoring of
bbhm292 homozygous mutants or αvβ8 hemorrhaged double mor-
phants. To score the number of CtA at 48 hpf, dorsal-viewed confocal
images were used and the number of CtA was scored. To quantify the
length of CtA at 72 hpf, lateral-viewed confocal images were used.
The length of CtA, measured between the most-dorsal CtA to the
joint of PCS and BA vessels, was normalized to the length of the dorsal
head, which was measured between the joint of DLV and PCeV and
the joint of PCS and BA vessels.Survival rate analysis
Wild type embryos, bbhm292 with normal CtAs, and bbhm292 with
abnormal CtAs were scored at 6 dpf for the presence of swim bladder
and general morphology under a light microscope. Embryos with
swim bladder and normal morphology were scored as normal.Cell proliferation analysis
Cell proliferation was assessed using Click-iT® EdU Alexa Fluor®
555 Imaging Kit (Invitrogen, Burlingame, CA). Embryos were treated
with EdU at 48 hpf and ﬁxed at 54 hpf. Photomicrographs of 5 adja-
cent transverse sections in the head per control embryo, and 4 adja-
cent transverse sections in the head per bbhm292 or αvβ8MO embryo
were taken in the same region of the embryo were used to quantify
endothelial cell proliferation: GFP positive cells were scored to enu-
merate the total number of endothelial cells, while GFP positive plus
EdU positive cells were scored as proliferative. The percentage of pro-
liferating endothelial cells was averaged per embryo. 5 wild types, 5
bbhm292, and 5 αvβ8 morphants were analyzed.Cell death analysis
To analyze cell death inwild types and bbhm292 at 48 hpf, TUNEL assay
was performed using the In Situ Cell Death Detection Kit–Fluorescein
(Roche). Embryos at 48 hpf were ﬁxed in 4% PFA/PBT for 2 h at room
temperature, washed 3 times with PBT (PBS+0.1% Tween-20), rinsed 3
times with methanol, and stored at −20 °C overnight. Embryos were
gradually rehydratedwith gradientwash (methanol:PBT), permeabilized
with proteinase K, and post-ﬁxed with 4% PFA/PBT for 15 min. After 3
times washes with PBT, embryos were treated with 1% H2O2 in PBT for
20 min at room temperature to remove any endogenous peroxidase ac-
tivity. Embryos were incubated with 45 ml of TUNEL label solution and
5 ml of TUNEL enzyme for 3 h at 37 °C in the absence of light. Extra unin-
corporated nucleotides were removed by washing the embryos 3 times
with PBT. Cell deathwas visualized by DAB staining (Vector Laboratories,
Burlingame, CA).Acknowledgments
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